The effect of substitutional disorder on the interlayer exchange coupling is studied, with focus on the role of the "vertex corrections." It is proved, on general grounds, that, to first order, the latter do not contribute to the exchange coupling, due to exact cancellation. The applicability of this result for realistic systems is supported by first-principle calculations within the coherent potential approximation, for various disordered systems. [S0031-9007(96)00312-2] 
Many papers have been devoted to the investigation of the interlayer exchange coupling between ferromagnetic layers separated by a nonmagnetic spacer [1] . More specifically, most of theoretical studies concern the case of perfectly ordered layers [2] . On the other hand, substitutional disorder occurs if some of the layers consist of a solid solution. For example, systematic investigations of the interlayer exchange coupling across a Cu 12x Ni x spacer as a function of Ni content x have been performed by several groups [3, 4] . Because of unavoidable interdiffusion, substitutional randomness is likely to occur in the vicinity of interfaces [5] . The alloying in magnetic layers significantly influences amplitudes and phases of the exchange coupling oscillations as demonstrated recently [6] . Thus, it is important to investigate the influence of disorder on the interlayer exchange coupling.
In this Letter, we present a general discussion of the interlayer exchange coupling in the presence of substitutional disorder, with focus on the effect of the so-called "vertex corrections." Before specializing on the problem of interlayer exchange coupling, we shall prove a general result for disordered substitutional alloys, the "vertex cancellation theorem," which states that, to first order, the contribution of the vertex corrections, to the energy change associated with a local rotation of the spin-quantization axis, is exactly zero. Then, we present an explicit test of these results, by performing first-principles calculations of the interlayer exchange coupling for Co͞Cu 12x Ni x ͞Co͑001͒ and Co 12x Cu x ͞Cu͞Co 12x Cu x sandwiches, with and without vertex corrections; the results are identical within numerical accuracy, in perfect agreement with the vertex cancellation theorem.
Let us consider a system with substitutional disorder. We wish to calculate the total energy change of the system, associated with a local rotation of the magnetization direction (i.e., of the spin-quantization axis). This problem is greatly simplified by using the force theorem [7] , which states that the total energy change is given by the change in the sum of the single-particle energies (i.e., the eigenvalues of the Kohn-Sham equations), calculated for a (non-selfconsistent) frozen potential. This theorem, which relies on the variational properties of the total energy functional of the density, reduces the complicated many-electron problem to a single electron problem.
Once this is done, we still have to tackle the problem of disorder. Let H ϵ K 1 V be the one-electron Hamiltonian operator, where K is the kinetic energy and V the potential; the corresponding Green's function is G͑z͒ ϵ ͑z 2 H͒ 21 .
Because of the randomness in V, the translational invariance of H is destroyed. The central quantity, in the theory of disordered alloys, is the configuration-averaged Green's function
the latter identity defines the effective Hamiltonian H͑z͒ ϵ K 1 V͑z͒, in which the effective potential V͑z͒ depends on the complex energy z. As a consequence of disorder, V͑´1 i0 1 ͒ has acquired a finite imaginary part, which leads to a finite lifetime of the eigenstates. The configurational averaging restores the full translation invariance of the underlying lattice. The Green's function G͑z͒ may be expressed as
where the t matrix is defined by
From the definition of the configurationally averaged Green's function, we get the self-consistency condition
In practice, however, the effective potential V͑z͒ satisfying the above equation cannot be calculated exactly, and one has to rely on some approximation scheme. The most popular one is the coherent potential approximation (CPA), in which (5) is replaced by conditions ͗T R ͑z͒͘ c 0 which are imposed on the single-site t matrices T R ͑z͒ on all sites R.
In order to ensure conservation of the number of particles, it is convenient to work in the grand-canonical ensemble, and to consider the thermodynamic grand potential
where
is the (configurationally averaged) density of states. Integrating by parts, one gets
where f͑´͒ is the Fermi-Dirac function, and N͑´͒ the integrated density of states.
As shown by Ducastelle [8] , the grand potential F has an important variational property: the functionalF͓V, V͔, with V and V independent variables, is stationary with respect to V when the latter satisfies the self-consistency condition (5) . An immediate consequence of this property is that the change of thermodynamic grand potential can be calculated with a frozen (non-self-consistent) effective potential V͑z͒. By analogy with the well known "force theorem" [7] , this result may be called the "alloy force theorem." One can show that it remains valid within the CPA [8] .
Following Ducastelle [8] , we can express the integrated density of states as
X͑z͒ ϵ ͗ln͕1 2 G͑z͒ ͓V 2 V͑z͔͖͒͘ c (11) is the "vertex correction." What we wish to compute is the change in F associated with local rotation of the spin-quantization axis, with the true potential V and the effective potential V͑z͒ kept otherwise frozen. Let R be the operator which performs the required rotation of spinquantization axis: V and V are changed to RVR 21 and RVR 21 , respectively, whereas G is changed to G 0 . Thus,
where the latter identity follows from the permutation invariance of the trace. To first order, we can write
But the latter quantity vanishes as a consequence of the self-consistency condition (5) . Thus, the contribution of the vertex correction (11) to the interlayer exchange coupling is exactly zero. This vertex cancellation theorem constitutes the central result of this Letter. It has been proved here for the exact configuration-averaged Green's function G͑z͒, but one can show easily that it remains valid in the CPA.
Note that, strictly speaking, the vertex cancellation theorem and the alloy force theorem hold only in the limit of infinitesimal rotation of the spin-quantization axis. The numerical studies below will show that they work perfectly well, even for large rotation angles. This is very much in the spirit of the force theorem.
The vertex cancellation theorem, in conjunction with the alloy force theorem, can be used to compute any kind of energy change associated with a local rotation of the magnetization in a disordered alloy. If the spin-orbit coupling is taken into account, and if we perform a uniform rotation of the magnetization, then the magnetocrystalline anisotropy of a disordered alloy can be calculated. A further possible application is the first-principle calculation of the exchange stiffness in a bulk ferromagnetic disordered alloy, by using the spin-spiral method [9] .
In this Letter the vertex cancellation theorem will be used to investigate the effect of disorder on the interlayer exchange coupling. The system under consideration consists basically of two ferromagnetic layers F A and F B separated by a nonmagnetic spacer layer. These layers are composed of random substitutional alloys, with composition depending only on the layer index. The interlayer exchange coupling is that part of the total energy of the system which depends on the relative angle u between the magnetization directions in F A and F B . In order to calculate it the methods of Refs. [10, 11] can be used provided that the Green's function of the perfect system is substituted by its configurational average performed, e.g., in the frame of the CPA.
In order to test the above theoretical results, we have performed two sets of first-principles CPA calculations of the interlayer exchange coupling E x F F 2 F AF (where the subscripts F and AF refer to the ferromagnetic and antiferromagnetic configurations, respectively), by using the spin-polarized surface Green's function method, based on the tight-binding linear muffin-tin orbitals (TB-LMTO) method as described in Ref. [11] . The first set of calculations uses the vertex cancellation theorem and the Lloyd formula. The second set of calculations relies on the direct evaluation of the grand-canonical potential in the perturbed region P. The corresponding thermodynamic grand-canonical potential at T 0 K is given by
where the trace Tr P extends only over the perturbed region P. The region P includes the spacer and a few atomic planes in each ferromagnetic layer. It should be noted that in Eq. (15) the configurational average applies to a single Green's function and no vertex corrections arise in this case and that changes induced outside the region P are neglected, whereas they are properly taken into account in the Lloyd formula approach [12] . The calculations have been performed for Co͞Cu͞ Co͑001͒, Co͞Cu 12x Ni x ͞Co͑001͒, and Co 12x Cu x ͞Cu͞ Co 12x Cu x ͑001͒ systems. The first one is a perfect system, for which there are no vertex corrections, so that both approaches are exact; this yields an estimate of the error due to neglecting changes outside P in the full grand-canonical potential calculation. In the second system, we have a disordered spacer, whereas in the third one the disorder is in the ferromagnetic layers. The perturbed region consists of the spacer plus the first ten layers on each side of the interface between the spacer and ferromagnetic layers. All calculations were performed at T 0 K to extract the net effect of disorder. For further numerical details, see Ref. [11] . We mention only the number of k points used to perform the surface Brillouin zone integrations, namely 8515͞5050͞2485͞820 k points in the irreducible Brillouin zone for the first four energy points on the contour close to´F and 136 k points for remaining points on the contour. Such a large grid guarantees a proper convergency of results even for T 0 K and for a large number of spacer thicknesses employed in a Fourier analysis. A discrete Fourier transform F͑q͒ was performed for a set of N 2 E x ͑N͒ values, where the spacer thickness N varies from 10 to 50 to avoid a possible preasymptotic behavior. The periods of oscillations p i are identified from the positions q i of pronounced peaks of jF͑q͒j as p i 2p͞q i .
The results are displayed in Figs. 1-4 . Obviously, in all cases, the agreement between the two approaches is excellent. We note small differences seen in the nonrandom case for amplitudes of oscillations, Fig. 1 , which are due to the finite extent of the perturbed region P and which are more pronounced for long period oscillations. We also note a shift of both the short and long period oscillations to smaller periods due to Ni impurities in the spacer and a strong suppression of their amplitudes, Fig. 2 
FIG. 4. Exchange coupling N
2 E x ͑N͒ as a function of the spacer thickness N for semi-infinite magnetic slabs separated by fcc (001) spacers: (i) the Co͞Cu͞Co͑001͒ system (bottom); (ii) the Co͞Cu 12x Ni x ͞Co͑001͒ system, with x 10% (middle); and (iii) the Co 12x Ni x ͞Cu͞Co 12x Ni x ͑001͒ system, with x 10% (top). Diamonds and crosses refer to the full grandcanonical potential calculation and the Lloyd formula calculation using the vertex cancellation theorem, respectively. The full line (back Fourier transform) serves as a guide to the eye.
reduced by the presence of impurities in ferromagnetic layers leaving the periods of oscillations unchanged, Fig. 3 . Finally, in Fig. 4 we present N 2 E x ͑N͒ as a function of the spacer thickness N for the three above systems but now assuming semi-infinite thickness of magnetic slabs for which the short period oscillations dominate [11] . The same very good agreement between both approaches is found. The above results confirm the validity of the vertex cancellation theorem and its usefulness for investigating the effect of disorder on the interlayer exchange coupling. In view of the fact that the approach based on the Lloyd formula and the vertex cancellation theorem is by a factor of 30 faster than the one based on a full calculation of the grand-canonical potential; this opens promising perpectives. Detailed studies of the effect of disorder in the spacer and magnetic layers will be presented elsewhere.
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